The extraction behavior of new bi-functional ligands containing sulfoxide and amide groups viz. N,N′-dibutyl carbamoyl methyl phenyl sulfoxide (L1) and N,N′-dibutyl carbamoyl methyl benzyl sulfoxide (L2) towards the U(VI), Pu(IV) and Am(III) ions from nitric acid was studied. Both of these extractants showed appreciable extractions for U(VI) and Pu(IV) from 1 to 9.5 M nitric acid concentrations. Am(III) did not show an appreciable extraction under the conditions studied. The species extracted from a nitric acid medium correspond to the compositions of [UO2 (NO3) 
Introduction
The separation of minor actinides from a highly active acidic solution is an important step concerning the safe processing and storage of irradiate nuclear fuel. 1, 2 Various new extractants have been developed in the last two decades for the above mentioned purposes, and their extraction [3] [4] [5] [6] [7] [8] and coordination 9-13 chemistry have been well studied. Neutral bi-functional extractants, such as, carbamoyl methyl phosphonates (CMP), carbamoyl methyl phosphine oxides (CMPO) [1] [2] [3] [4] and malonaides (MA) [5] [6] [7] show very good extraction properties towards the minor actinides from high-level waste solutions.
The tri-functional extractant tetra-octyl diglycolamide (TODGA) shows excellent extraction properties towards the trivalent actinides over the tetra or hexavalent actinides. 8 We have recently reported on coordination and preliminary extraction studies of some new class of extractants such as; carbamoyl methyl sulfoxide [14] [15] [16] and carbamoyl methyl pyrazole 17 with the actinide ions. In a continuation of our interest in the chemistry of actinide ions with new extractants, we report herein our detailed studies on the extraction behavior of two carbamoyl methyl sulfoxide ligands containing an aryl or alkyl group attached to a sulfoxide group with the U(VI), Pu(IV) and Am(III) ions. 14 Liquid scintillation counting was done for the assay of both † To whom correspondence should be addressed. E-mail: skannan@barc.gov.in the organic and aqueous phases for the U(VI) and Pu(IV) ions using a toluene-based cocktail solution. Am(III) in both of the organic and aqueous phases was assayed directly by using a NaI(Tl) single-channel analyzer.
Experimental

Extraction procedure
First, 0.5 ml of an aqueous phase containing plutonium (mainly as Pu-239 tracer, 10 -10 mol/dm 3 ) or uranium (mainly as U-233 tracer, 10 -10 mol/dm 3 ) was equilibrated for 1 h with an equal volume of toluene solution containing different concentrations of L1 or L2 at 25 ± 0.1°C in a thermostated water bath (the valance of Pu(IV) in the aqueous phase was adjusted by using 0.1 mol/dm 3 NaNO2). At the end of equilibration, the solutions were allowed to settle and suitable aliquots from both phases were withdrawn for the determination of a tracer by alpha liquid scintillation counting. In the case of americium, 1 mL of each phase was used, and the tracer concentration (10 -10 mol/dm 3 ) was determined using a NaI(Tl) counter. The distribution ratio (D) was calculated as the ratio of the organic to aqueous count rate per unit volume. The D was calculated using following relation: D = Amount of tracer in organic phase/amount of tracer in the aqueous phase The concentration of HNO3 in the organic phase was determined by taking a known concentration of L1 or L2 in toluene equilibrated with 3 mol/dm 3 HNO3 for 1 h in a thermostated water bath, followed by titrating with standard alkali using phenolphthalein as an indicator.
Stability study of L1 and L2
About 500 mg of L1 and L2 in toluene (20 mL) were equilibrated with 4 mol/dm 3 HNO3 (the concentration of HNO3 used in most of the process condition was 3 -4 mol/dm 3 ) for over night. The organic phase was separated and dried under a vacuum. The resulting products were analyzed by the 1 H NMR spectra. 
Results and Discussion
Extraction studies of U(VI), Pu(IV) and Am(III) from nitric acid
The D values obtained by varying the concentrations of nitric acid in the range of 0.5 to 9.5 mol/dm 3 for Pu and U and 3 to 9.5 mol/dm 3 for Am using 0.5 mol/dm 3 of [C6H5SOCH2CON (C4H9)2] (L1) and [C6H5CH2SOCH2CON(C4H9)2] (L2) in toluene are given in Fig. 1 . The plot shows that along with an increase in the concentration of acid, the D values were found to increase for all the three actinides, and similar trends were observed for both of these extractants. However, the monobasic sulfoxides under similar conditions 18, 19 showed an increase in D up to 6 and 4 mol/dm 3 , respectively, for Pu(IV) and U(VI) and decreased thereafter. This observation is similar to one that was observed for bi-functional extractants, such as carbamoyl methyl phosphonates, carbamoyl methyl phosphine oxides or malonamides with these metal ions. [3] [4] [5] [6] [7] 21 However, the observed D values are always lower than those of carbamoyl methyl phosphonates or carbamoyl methyl phosphine oxides. This may be due the greater basicity or donating ability of phosphine oxides or phosphates to those of sulfoxides. The D value for Pu is always greater than those of U under identical conditions, and which is in agreement with those reported for the mono-or bi-functional neutral extractants under identical conditions. 6, 14, 21, 22 Higher D values for Pu and U with the L2 compared to that of L1 may be due the more basic nature of L2 (alkyl vs. aryl) than that of L1. The D values observed for Am(III) were also increased with the increase in the acid concentration. However, they were always found to be less than 1. The observed D values were in the order Pu(IV) > U(VI) >> Am(III).
Nature of species extracted for U(VI) and Pu(IV)
In order to determine the nature of species extracted during extraction, the variation of D for Pu(IV) and U(VI) with the variation in the concentrations of the extractants, in the range of 0.02 to 0.5 mol/dm 3 in toluene, from 3 mol/dm 3 HNO3 was determined. The log D vs. log L1 plots for U(VI) and Pu(IV) are shown in Figs. 2 and 3 , respectively. These plots clearly show that the slope is very close to 2 for both U(VI) and Pu(IV), indicating that the metal-to-ligand ratio is 1 to 2 in both of these cases and the extracted species have compositions of [UO2(NO3)2·2L] and [Pu(NO3)4·2L], respectively for U(VI) and Pu(IV). This is in agreement with the reported results for U and Pu with similar types of bi-functional extractants. 14, [20] [21] [22] The variation of D for Pu(IV) in the presence of a varying macro concentration of U(VI) was also determined using 0.5 mol/dm 3 of L1. There was a small decrease in D values from 10.4 to 7 when the concentration of U(VI) was increased from 1 to 22 mg/mL. Figure 4 shows log-log plots of D vs.
[L2] for the tracer Pu(IV) and U(VI). These plots are also found to be linear with slopes close to 2 and 1.6 for Pu(IV) and U(VI), respectively. Here, the behavior of Pu(IV) is also found to be similar to those observed with L1, having a slope of 2, indicating that the extracted species has a composition of [Pu(NO3)4·2L]. The slope of 1.6 for U(VI) shows that the extracted species may be a mixture of two species having compositions of [UO2(NO3)2·2L] and [UO2(NO3)2·L] under the studied conditions. It is interesting to note that the solid-state structures for the uranyl compounds isolated with these types of ligands show that only one ligand is bonded to the uranyl nitrate group. 14 The difference in slope for L2 compared to that of L1 may be due to the difference in the donating ability of benzyl sulfoxide compared those of aryl sulfoxide. 
Uranium and plutonium extraction constants (Kex)
The extraction reactions for U(VI) and Pu(IV) ions with L1 and L2 can be written as follows according to the method reported earlier. The extraction or the equilibrium constant (Kex) for the U(VI) extraction could be written as:
where the square brackets represent the concentrations and γ is the activity coefficient of the respective species. The subscripts "aq" and "org" represent the aqueous and organic phases, respectively. The equilibrium contants were calculated using the approximation that the activity coefficients of UO2
2+
, Lfree,org and the metal solvates (in the orgaic pahse) are unity. The nitrate ion activity was calculated by employing the mean ionic activity coefficient and its concentration at a given acidity. Therefore, the above Eq. (3) can be written as:
Here, K′ ex is refered to as the conditional extraction constant. However, due the presence of various nitarte ion complexes with UO2 2+ in the aqueous phase, the total U concentartion (CU) can be written as:
where β is the overall stability constant for the complexes
Therefore, the K′ ex can be re-written as:
free,org, (6) where DU is distribution ratio, [L] is the concentration of the free ligand in the organic phase after correcting for the LHNO3 23 and β is an aqueous nitrate complexation constant for U(VI), which equals to 2.4 at 3 mol/dm 3 HNO3. 23 Similarly, the conditional extraction constant (K′ ex) for Pu(IV) can be written as:
where DPu is the distribution ratio, [L] free is the concentration of the free ligand in the organic phase after correcting for LHNO3 extraction and β is an aqueous nitrate complexation constant for Pu(IV), which equals to 125 at 3 mol/dm 3 HNO3. 24 The K′ ex for U(VI) and Pu(IV) were calculated by using the above formulae, these values were found to be 22.5 mol -4 dm for U(VI) with L1 (for L2 the species extracted was mixture of [UO2(NO3)2·2L] and [UO2(NO3)2·L] and therefore the K′ ex was not calculated), 6.21 × 10 2 mol -4 dm and 5.64 × 10 2 mol -4 dm, respectively, for Pu(IV) with L1 and L2. The K′ ex value for the U is very close a value reported in the literature with the same extractant. 20 The Kex values for Pu(IV) are reported for the first time for bi-functional ligands having sulfoxo and carbamoyl groups.
Back-extraction studies
The back extraction of the metal ion from the organic phase was studied using dilute nitric acid, 5% sodium carbonate or 1 mol/dm 3 HNO3 + 0.2 mol/dm 3 ascorbic acid. Using 1 mol/dm 3 HNO3 + 0.2 mol/dm 3 ascorbic acid, more than 99% of Pu could be stripped in 3 steps (D = 0.71, 0.145 and 0.011, respectively, for each step, D = counts in organic phase/counts in the aqueous phase) from an organic phase containing L1, whereas only 50% of U could be stripped under an identical condition (D = 4.6, 1.8 and 0.94, respectively, for each step). However, U could be completely back extracted by using a 5% Na2CO3 solution in a single step (D = 0.01). From the organic phase containing L2, both Pu and U could be stripped quantitatively using either 1 mol/dm 3 HNO3 + 0.2 mol/dm 3 ascorbic acid (in 3 steps, D = 0.21, 0.107 and 0.03 for U and a single step for Pu, D = 0.015) or 5% Na2CO3 (single step) solutions. These studies indicate that both U and Pu could be extracted quantitatively using these carbamoyl methyl sulfoxide ligands from an aqueous nitric acid solution, and could also be back extracted quantitatively from the loaded organic phase.
Stability of L1 and L2 under extraction condition
The 1 H NMR of the products after equilibrating with 4 mol/dm 3 HNO3 show that there are no new lines in the spectra corresponding to the oxidized or reduced species. If the sulfoxide becomes oxidized from +4 to +6 (sulfoxide to sulfone), the CH2 protons should appear as a singlet instead of a doublet observed for the sulfoxide. Similarly, if it reduces to +2 (sulfoxide to sulfite), then the CH2 protons should also appear as a singlet. However, the observed spectra remain the same as that of the sulfoxide without any new lines. It clearly shows that the sulfoxides are stable under the extraction conditions studied.
Conclusions
A detailed solvent-extraction study on U(VI) and Pu(IV) by using new bi-functional ligands, carbamoyl methyl sulfoxide showed an appreciable extraction for these ions for the entire range of nitric acid concentrations studied. The species extracted for U had compositions of [UO2(NO3)2·2L] for L1 and a mixture of [UO2(NO3)2·L] and [UO2(NO3)2·2L] for L2 under condition studied. However, for Pu the extracted species had a composition of [Pu(NO3)4·2L] under the concentrations range studied. The K′ ex values for the Pu(IV) ion with L1 and L2 were found to be 6.21 × 10 2 and 5.64 × 10 2 mol -4 dm, respectively. The extracted metal ions could be quantitatively back extracted using 5% sodium carbonate or 1 M HNO3 + 0.2 M ascorbic acid solutions.
